Abstract. Monoclonal antibody biotherapeutics are often administered by subcutaneous (SC) injection. Due to dose requirements and formulation limitations, SC injections >1 mL are often required. We used a viscous placebo buffer (5 cP), characteristic of a high-concentration antibody formulation, to investigate the effect of dose volume and injection rate on the tolerability of higher-volume SC injections. In this randomized, crossover, single-center study, 48 healthy adults received one 1.2-mL bolus injection over 5 s and three 3.5-mL injections over 1, 4, and 10 min in different abdominal quadrants, with each injection separated by approximately 2 h. The primary objective was to compare pain scores associated with the injections, immediately after administration and 1 h later, using a 100-mm visual analog scale (VAS). Secondary objectives included assessment of adverse events, including injection site reactions and swelling. Mean age was 38.4 (11.6) years and 20 subjects (42%) were female. Lowest mean VAS score was for the 10-min (6.83 mm) and highest for the 1-min injection (19.13 mm). One hour after administration, mean VAS scores were <3.5 mm for all injections. Swelling was similar among the three 3.5-mL injections. After needle removal, leakage occurred following 14 (29%) 1.2-mL injections, eight (17%) 4-min injections, five (10%) 1-min injections, and four (8%) 10-min injections. Fifteen subjects (31%) experienced an adverse event, none of which was serious, fatal, or led to study discontinuation. All injection durations were well tolerated, suggesting a single large-volume SC injection of a biotherapeutic agent could be used instead of multiple injections.
INTRODUCTION
Biotherapeutics are increasingly being used to treat a wide range of serious illnesses requiring chronic drug administration [1] [2] [3] [4] . Biotherapeutics offer several attractive features, including high selectivity and specificity, good solubility and stability, long persistence in the body, and low risk for bioconversion to toxic metabolites [5] . However, most have a practical disadvantage, namely administration by injection. Antibodies cannot be administered orally because of degradation in the gastrointestinal tract, and they have limited capacity for diffusion or convection through the gastrointestinal epithelium [5] . Subcutaneous (SC) administration is hampered by the extracellular matrix, which offers a barrier to the delivery of many drugs, limiting both the volume that can be injected at a single site and the amount that can reach the vascular compartment [6] . Therefore, research has focused on methods that permit delivery of larger volumes into the SC space, such as recombinant human hyaluronidase to temporarily degrade interstitial hyaluronan [6, 7] .
Recombinant human hyaluronidase is associated with mild, local injection site reactions and is incompatible with some drugs, including furosemide, benzodiazepines, and phenytoin [8] .
The requirement for injection of biologics presents a challenge in patients with chronic conditions, who have markedly lower rates of drug adherence and persistence than patients with acute conditions [9] [10] [11] [12] . Biotherapeutics that require regular self-injection are used by patients with various inflammatory diseases [2, 13, 14] , osteoporosis [15] , multiple sclerosis [1] , and diabetes mellitus [16, 17] . Insulin pumps, which deliver a continuous SC infusion, offer an alternative to multiple daily injections for patients with diabetes and have been shown to improve glycemic control and quality of life and reduce vascular complications [16] .
Most biologics are administered by SC injection, commonly in volumes not exceeding 1 mL [18] , but there is no definitive evidence to support this limitation on volume. Newer biologics, including glucagon-like peptide-1 agonists, monoclonal antibodies, and antisense DNA, may require injection of volumes >1 mL due to a combination of factors, including potency, protein aggregation, and increased viscosity at higher concentrations. For volumes >2 mL, multiple injections are typically used [5, 19, 20] , but this approach may increase the attrition rate in clinical trials or reduce patient adherence. In primary immunodeficiency, SC administration of high-dose immunoglobulin in volumes of up to 5 mL at a single injection site [20, 21] , or a self-administered bolus up to 20 mL given over 5-20 min [22] , may be acceptable to some patients. Therefore, single-site, larger-volume injections without hyaluronidase represent a potential alternative to multiple injections, if the formulation and delivery rate can be shown to be safe and well tolerated.
The effect of dose volume, together with speed of injection, on the tolerability of higher-volume SC injections with viscosities characteristic of some concentrated antibody formulations remains unknown. To address this, we developed a placebo buffer formulation with viscosity (5 cP), osmolality, and pH similar to those of some protein/antibody formulations. We tested a large volume (3.5 mL) to reduce the number of injections necessary to achieve a therapeutic dose and varied the rate of injection to determine whether slower SC delivery was tolerated.
Pain assessments were performed with 100-mm visual analog scales (VASs), which offer a simple, reliable, and validated method for measuring pain, and correlate well with categorical pain scales [23] [24] [25] . VASs are widely used in clinical assessment of pain as they have greater sensitivity to changes in pain than other instruments, such as verbal rating scales, and allow generation of continuous variable output [26] . However, pain is a subjective experience and any rating scale will reflect that, with the potential for wide ranges of ratings. VAS scores ranged from 0 (no pain at all) to 100 (a lot of pain) in 96 patients presenting to the emergency department with pain [23] , from 0 to 100 in 48 patients with acute pain from trauma [25] , and from 5 to 98 in 98 patients with osteoarthritis of the hip [26] . The minimum clinically meaningful difference in acute pain using VAS determined in two of these cohorts was 13 and 16 mm, respectively [23, 25] , and determined in 101 patients presenting to the emergency department with acute abdominal pain was 13 mm [24] .
This study was designed to compare VAS scores associated with various SC injection rates of a 3.5-mL viscous placebo buffer immediately after administration.
MATERIALS AND METHODS

Study Design
This randomized, crossover, single-center, phase 0 study was carried out in 48 healthy subjects. Subjects received one injection of 1.2 mL over 5 s and three injections of 3.5 mL over 1, 4, and 10 min of placebo buffer in different quadrants of their abdomen, each separated by approximately 2 h. This was expected to be long enough to eliminate the potential for a carry-over effect from the previous administration as injection site pain is not expected to last long since fluid distribution in the SC space should occur quickly. The 1-h assessment was included to understand the duration of pain. Subjects were randomized (1:1:1:1) to one of four different injection sequences. The study was conducted in accordance with the International Conference on Harmonisation Good Clinical Practice regulations and guidelines.
Endpoints
The primary endpoint was pain (VAS) score assessed immediately after administration. Secondary endpoints included subject incidence of adverse events related to SC injection, including administration site reactions and swelling; subjects' perception of pain as assessed by ranking; and VAS scores obtained 1 h after administration. Leakage from the administration site was an exploratory endpoint.
Subjects
Subjects were male or female, aged 18-55 years, with a body mass index of 18-32 kg/m 2 , thus excluding subjects with severe or moderate obesity. Subjects had to be in good general health and have no clinically significant laboratory abnormalities at screening (Day -21). Vital signs were recorded on Day -21 and study day (before first and after last injection). All subjects provided written informed consent; consent form and study protocol were approved by the Institutional Review Board. Exclusion criteria included conditions that could interfere with delivery of placebo buffer or interpretation of assessments or significantly impair pain perception; susceptibility to bleeding; clinically significant skin allergies or active dermatologic disorders; sensitivity to buffer ingredients; and pain medications (non-steroidal anti-inflammatory drugs within 5 days before study day, steroids within 7 days before study day, and antihistamines or analgesics within 48 h prior to injection).
Investigators could prescribe any concomitant medications or treatments deemed necessary to provide adequate supportive care. However, administration of any analgesic medication before the final assessment on day 1 resulted in withdrawal of the subject. Subjects could be replaced at the discretion of the investigator in consultation with Amgen, with the exception of withdrawals due to adverse events.
Interventions
The placebo buffer (acetate), which contained sodium carboxymethyl cellulose (Na-CMC; 7 mg/mL), matched the osmolality (250-350 mOsm/kg) and pH (5.0) for biologic parenteral products. Sodium chloride was not added to the buffer.
The study was conducted at a large Phase 1 clinical center with nursing staff experienced in SC drug administration. An experienced, qualified, and trained staff member performed SC placement of the needle for all injections. Subjects were isolated from other subjects throughout the study.
Subjects were randomized 1:1:1:1 to receive one of four sequences using the Williams design [27] . Two injections (1.2 mL over 5 s and 3.5 mL over 1 min) were delivered manually and two (3.5 mL over 4 min and 3.5 mL over 10 min) were delivered using an infusion pump (Razel A99-EJM, Razel Scientific Instruments, VT, USA). Since SC injections of 1-1.2 mL are common, 1.2 mL/5 s was included as the reference. For the 3.5 mL injections, a 5-mL syringe was connected to approximately 3 ft of tubing with a butterfly catheter and a 27 G needle. The setup was primed with placebo buffer before needle insertion. The needle was inserted at 90°to the skin, such that the wings of the butterfly were flush with the skin. The butterfly was secured to skin using transparent adhesive.
Using the umbilicus as a center point, the abdomen was divided into quadrants. Each quadrant was injected once, starting with the right upper quadrant and progressing in a clockwise manner to the left upper quadrant, left lower quadrant, and right lower quadrant. Each injection was separated by approximately 2 h.
Pain Assessments
Subjects assessed their injection site pain using 100-mm VAS scores (0 mm = no pain at all; 100 mm = a lot of pain) immediately after each administration (before needle removal) and 1 h (±5 min) after the initiation of administration. Immediately after the fourth administration, subjects were asked to rank administrations from least [1] to most [4] painful.
Safety Evaluation
Adverse events, including administration site reactions and swelling, were recorded throughout the study, with follow-up 24 h after the last injection via telephone. The person who administered the injections observed the subjects for adverse events. The Common Terminology Criteria for Adverse Events V 4.0 were used [28] . The study was not blinded, except that patients could not see the rate of infusion shown on the pump.
Swelling due to fluid collection in the SC space was measured immediately after needle removal by measuring the long and short axes of the swelling (using calipers) and determining bump height (using a ruler). Swelling height, swelling diameter (mean of the long and short axes), spread ratio (swelling diameter/swelling height), and swelling index (100/spread ratio) were used to quantify swelling after the 3.5-mL injections. Leakage during injection and after needle removal was noted as present or absent.
Statistical Analyses
All subjects who received at least one SC administration were included in the safety analyses. Descriptive statistics (means and standard deviations [SDs] for continuous variables; frequency counts and percentages for categorical variables) are provided for selected demographic data, baseline characteristics, and safety data. Least squares means (SD) are provided for swelling height, swelling diameter, spread ratio, and swelling index.
VAS scores were analyzed using a repeated measures analysis of variance (ANOVA). Volume/rate (treatment), time (immediately or 1 h after initiation of administration), treatment by time period, and sequence were independent variables, while subject within sequence was a random effect. For each treatment-by-time combination, the least squares mean is provided. The primary comparison was pair-wise comparisons of VAS scores assessed immediately after administration for 1.2 mL/5 s versus 3.5-mL/1 min, 3.5-mL/4 min, and 3.5-mL/10 min. Corresponding 95% confidence intervals (CIs) of the mean differences are provided. No adjustment was made for multiple comparisons. If leakage was observed, the associated VAS score was not included in the repeated measures ANOVA model. All analyses were conducted using SAS version 9.2 (SAS Institute Inc, Cary, NC).
The study was powered to detect a 15-mm difference in VAS assuming a within-subject SD of 21 mm based on previous experience with this scale. A study with 44 subjects (11 per sequence) would have 90% power to detect a 15-mm difference between treatments (α=0.05, 2-sided). Allowing one extra subject per sequence for potential dropout, 48 healthy subjects were enrolled.
RESULTS
Twelve healthy volunteers were randomized to each of the four sequences. All 48 subjects completed the study. In one patient, 3.5 mL/10 min was given over 15 min, instead of the 10 min specified by the protocol. Mean age of subjects was 38.4 (11.6) years, range 19-55 years, 20 subjects (42%) were female, and most subjects were white (58%) ( Table I) .
Visual-Analog Scores and Pain Rankings
Immediately after SC administration and before needle removal, mean VAS scores were <20 mm for all four injections, with values ranging from 0 to 89 mm (Table II and Fig. 1 ). The lowest mean VAS score was reported for 3.5 mL/10 min (6.8 mm); slightly higher scores were reported for 1.2 mL/5 s and 3.5 mL/4 min (12.4 and 11.9 mm, respectively); and the highest score (19.1 mm) was associated with 3.5 mL/1 min. VAS scores measured 1 h after administration were significantly lower (<3.5 mm for all four injections) than those measured immediately after administration (Table II and Fig. 1 ). SD standard deviation. Order of injection administration: Sequence 1: 1.2 mL/5 s, 3.5 mL/1 min, 3.5 mL/4 min, 3.5 mL/10 min; Sequence 2: 3.5 mL/1 min, 3.5 mL/ 4 min, 1.2 mL/5 s, 3.5 mL/10 min; Sequence 3: 3.5 mL/4 min, 3.5 mL/10 min, 3.5 mL/1 min, 1.2 mL/5 s; Sequence 4: 3.5 mL/10 min, 1.2 mL/5 s, 3.5 mL/4 min, 3.5 mL/1 min.
Immediately after administration, 3.5 mL/1 min was reported to be more painful than 1.2 mL/5 s (6.8 [1.9] mm, p<0.001) whereas 3.5 mL/10 min was less painful (−5.6 [1.9] mm, p=0.004) (Table II) . By 1 h after administration, no differences were apparent in VAS scores relative to 1.2 mL/5 s.
Three-quarters (n=36) of subjects ranked pain associated with 3.5 mL/10 min as 1 or 2 (Fig. 2) ; this figure decreased to 56% (n=27) of subjects for 1.2 mL/5 s, 48% (n=23) for 3.5 mL/ 4 min, and 21% (n=10) for 3.5 mL/1 min. The lowest overall mean (SD) pain ranking was 1.9 (1.0) for 3.5 mL/10 min, followed by 2.3 (1.3) for 1.2 mL/5 s, 2.6 (0.9) for 3.5 mL/ 4 min, and 3.1 (0.9) for 3.5 mL/1 min.
Safety Data
Swelling height, diameter, spread ratios, and swelling indexes were similar among the three 3.5-mL injections (Table III) . During administration, leakage was observed in two subjects, both during injection of 3.5 mL/10 min. After needle removal, leakage occurred in 31 (65%) subjects: 14 (29%) following 1.2 mL/5 s, eight (17%) following 3.5 mL/ 4 min, five (10%) following 3.5 mL/1 min, and four (8%) following 3.5 mL/10 min.
Of the 48 subjects, 15 (31%) experienced one or more treatment-emergent adverse events: one following 1.2 mL/5 s, nine following 3.5 mL/1 min, and five each following 3.5 mL/4 min and 3.5 mL/10 min. None of the adverse events was serious, fatal, or led to discontinuation from the study. The most common adverse events were erythema (eight subjects; 17%), headache (three subjects; 6%), and abdominal distension (two subjects; 4%) or contusion (two subjects; 4%). All cases of erythema were considered treatment related and occurred during injection of 3.5 mL over 1, 4, and 10 min (4, 4, and 3 subjects, respectively). No cases occurred after injection of 1.2 mL/5 s. 
DISCUSSION
This single-center, crossover study was designed to compare VAS scores associated with three 3.5-mL SC injection durations to that associated with a 1.2-mL SC bolus injection and to investigate tolerability, swelling, and leakage from the injection site immediately after administration and 1 h later. As anticipated, immediately after administration, the range of mean VAS scores indicated that least pain was associated with the longest injection (3.5 mL/10 min) and most pain was associated with the shortest injection (3.5 mL/1 min). When comparing the mean VAS scores for the 3.5-mL injections with that for the 1.2-mL injection, statistically significant differences were apparent for two injections, with more pain associated with 3.5 mL/1 min and less pain associated with 3.5 mL/ 10 min. However, the differences were small (6.8 and 5.6 mm, respectively), and may not be clinically meaningful, since the minimum clinically meaningful difference on a VAS is 13 mm [23] [24] [25] . At 1 h after treatment, all VAS scores were close to zero, indicating that the injection pain experienced upon administration was transient.
The data from this study indicated that all four injections have acceptable tolerability. No subjects developed a serious adverse event. The most common adverse event was erythema, in 17% of subjects, which was associated with all three 3.5-mL injections but not with the 1.2-mL injection. There was no correlation between rate of 3.5-mL SC injection and incidence of erythema, so erythema may be a general response to the placebo formulation. Na-CMC was included in the formulation to achieve the required viscosity. While it is generally recognized as a safe polymer, is used as a general purpose food additive and is incorporated into several marketed drugs [29] , rare cases of anaphylactic reactions have been reported in patients receiving drugs containing Na-CMC [30, 31] . These data on tolerability at different delivery rates are in general accord with findings in the SC treatment of primary immunodeficiency [32] .
The study investigated the effect of infusion duration on leakage of clear fluid or blood at the injection site, which is common during bolus SC injection. Leakage assessments were observational in nature and were conducted to gain a highlevel understanding of the impact of 3.5-mL injections on distribution of the viscous placebo in the SC space and any potential leakage from the injection site due to the large volume administered. Similar values for spread ratio and swelling index for the three 3.5-mL injection durations indicated that the distribution of fluid in the SC space was similar irrespective of injection rate. Leakage of clear fluid during the injection was seen in two subjects (4%) who received the 10-min injection. After removal of the needle, leakage was most frequently observed after the 1.2-mL injection, and the incidence of leakage decreased with increasing duration of injection. Together, these data indicate that SC injections of up to 3.5 mL are feasible, even when administered as fast as 1 min.
Studies on large-volume SC therapy for primary immunodeficiency indicate that patients tend to prefer SC over intravenous injection, as it provides them with more autonomy, causes fewer adverse systemic reactions, and obviates the need for vascular access [33] . In a retrospective study in primary immunodeficiency, patients were given the choice of SC immunoglobulin replacement therapy either by infusion pump or by rapid push administration. Of the 104 patients, 71% chose the rapid push, with a volume per site of 3 to 20 mL, administered over 5-30 min [22] . The results from a US phase 3 non-comparative extension study in primary immunodeficiency found that health-related quality of life remained largely unchanged and treatment satisfaction was high in patients previously treated with intravenous immunoglobulin therapy who switched to a self-administered SC equivalent [34] . This analysis was, however, conducted in a very small subset of patients (n=16), and the findings require confirmation in a larger trial. In patients with breast cancer, the monoclonal antibody trastuzumab given as a 5-mL SC injection of 600 mg trastuzumab plus 10,000 units human recombinant DNA-derived hyaluronidase enzyme by slow manual push over 5 min was found to be non-inferior to the intravenous standard of care [35] . Trastuzumab administered by the SC route offers a faster and less invasive mode of administration, LS least square; Q quartile; SD standard deviation; spread ratio = swelling diameter/swelling height; swelling index=100/spread ratio.
with equivalent efficacy, compared with the intravenous formulation, and is preferred by patients [21] . Increasingly, biotherapeutic medications are being developed for SC delivery [36] , and methods for facilitating the injection of the requisite large volumes are the subject of investigation. To address this challenge, we needed to evaluate the tolerability of SC administration of >1 mL of a formulation that has a viscosity, osmolality, and pH mimicking those of protein formulations. Since the volume studied in this trial was 3.5 mL, it would not be feasible to administer it as a short bolus push; hence, a constant infusion over various durations was employed. We also excluded the use of excipients such as hyaluronidase, as this recombinant cannot be used in association with several commonly used medications.
Potential limitations of this study include that the 1.2 mL bolus control was chosen based on experience and not on published literature and that study personnel who assessed adverse events were not blinded to treatment.
CONCLUSION
Subcutaneous injection of 3.5 mL of a viscous placebo buffer, with the characteristics of a typical protein formulation, administered over 1 min was associated with more pain than a 1.2-mL bolus injection, but administered over 10 min was associated with less pain than the bolus injection, but the differences were not considered clinically meaningful. This suggests that it may be possible to reduce the number of injections per biotherapeutic treatment, through the injection of larger SC dose volumes using a prefilled syringe, autoinjector, or other personal injection device.
